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Available online 28 July 2016As a cool-season crop, pea (Pisum sativum L.) can tolerate frost at the vegetative stage but
experiences yield loss when freezing stress occurs at the reproductive stage. Cold-tolerance
improvement of pea varieties is important for stable yield and expansion of the winter pea
planting area. Under natural low-temperature conditions during winter in Qingdao,
Shandong, China, we evaluated the cold tolerance of 3672 pea germplasm accessions in
the field and categorized them as displaying high resistance (214), moderate resistance
(835), or susceptibility (2623). The highly andmoderately resistant genotypes were validated
in the following year. We found that genotypes from the winter production region showed
higher cold tolerance than genotypes from the spring production region. The accessions
identified as having high levels of cold tolerance are recommended as potential genetic
resources in cold-tolerance breeding of pea.
© 2016 Crop Science Society of China and Institute of Crop Science, CAAS. Production
and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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Pea (Pisum sativum L.) is one of the most important legume
crops in temperate climates and is classified by end use into
field and green pea. Field pea is grown for harvest of dry seeds
as food or as forage and garden pea is grown for its immature
seeds or tender pods as vegetables. In some countries, such as
China, young shoots of pea seedlings are also cooked by
several methods for popular consumption.
According to statistics of the Food and Agriculture Organi-
zation (FAO) [1], 97 and 85 countries produced dry and greenong).
Science Society of China a
work.
hina and Institute of Cro
D license (http://creativepea, respectively, in 2012 and the annual production exceeds
28 million tons. The Russian Federation (1,160,200 ha), Canada
(1,475,000 ha), China (905,000 ha), India (735,000 ha), and
Australia (248,900 ha) are the largest dry pea-producing coun-
tries. Total pea production worldwide has steadily increased
since 1993, owing to increasing green pea volume, and the top
five producing countries are China (1,300,915 ha), India
(380,000 ha), the United States (77,090 ha), the United Kingdom
(34,553 ha), andAlgeria (34,110 ha). As the largest green pea and
second largest dry pea producer in the world, China has a
history of more than 2000 years in pea cultivation [2]. Atnd Institute of Crop Science, CAAS.
p Science, CAAS. Production and hosting by Elsevier B.V. This is
commons.org/licenses/by-nc-nd/4.0/).
Table 1 – Cold tolerance of pea accessions evaluated in the
field experiment in the 2009–2010 growing season.
Origin Number of
accessions
Cold tolerance
HR MR S
Anhui, China 78 15 38 25
Fujian, China 1 0 0 1
Guangdong, China 8 0 1 7
Guangxi, China 41 0 9 32
Guizhou, China 78 5 39 34
Hubei, China 172 26 106 40
Hunan, China 17 3 4 10
Jiangsu, China 23 12 1 10
Jiangxi, China 27 4 17 6
Shanghai, China 12 0 1 11
Sichuan, China 285 10 44 231
Taiwan, China 4 1 1 2
Yunnan, China 71 3 13 55
Zhejiang, China 2 0 1 1
Henan, China 87 23 43 21
Sum 906 (100%) 102
(11.3%)
318
(35.1%)
486
(53.6%)
Beijing, China 15 1 0 14
Hebei, China 12 1 0 11
Heilongjiang, China 1 0 0 1
Inner Mongolia,
China
243 1 29 213
Ningxia, China 27 0 5 22
Qinghai, China 203 3 4 196
Shanxi, China 145 5 21 119
Shaanxi, China 264 26 135 103
Tibet, China 259 2 11 246
Xinjiang, China 102 0 27 75
Liaoning, China 17 0 0 17
Gansu, China 123 5 13 105
Sum 1411 (100%) 44
(3.1%)
245
(17.4%)
1122
(79.5%)
Foreign countries 402 (100%) 1 (0.3%) 25 (6.2%) 376
(93.5%)
Unknown 953 (100%) 67 (7.0%) 247
(25.9%)
639
(67.1%)
Total 3672 214 835 2628
378 T H E C R O P J O U R N A L 4 ( 2 0 1 6 ) 3 7 7 – 3 8 3present, almost all pea products are consumed domestically, in
contrast to their use by other leading pea exporters such as
Canada. With the increase of consumer demand and land
resource limitation in China, improvement by breeding has
received great attention in recent years.
Field pea has adapted to a wide range of climates and
altitudes. It is commonly recognized as consisting of spring,
Mediterranean, and winter types [3]. Both winter and spring
types are grown in many countries including China. Winter
pea has higher yield potential than spring pea owing to its
longer growth period, higher efficiency of radiation use in
early spring, and escape from drought stress at harvest stage
[3,4]. Pea is widely planted in 29 provinces or autonomous
regions of China with complex ecological conditions. Winter
pea is conventionally sown in autumn in the area south of 33°
north latitude. In recent years, the northern boundary of
winter pea has been moved northward in China to achieve
yield increases by enlargement of the winter pea region.
However, severe cold weather has affected the historical
pea-producing area in recent years, leading to great yield
fluctuation. Thus, cold-tolerant varieties are very important in
the safe production of winter pea.
As of the end of 2015, more than 6200 pea accessions
collected from 40 countries or regions have been preserved in
the National Crop Genebank of China (Beijing). Part of these
genetic resources was recently genotyped with DNAmarkers to
evaluate the genetic diversity and relationships in the Chinese
pea collection [5]. However, phenotyping data for Chinese pea
germplasm resources are incomplete, in particular for evalua-
tion of cold tolerance. Phenotypic evaluation is the first step in
identifying potential resources in breeding programs. In this
study, we performed a large-scale screening experiment,
evaluating the cold tolerance of 3677 pea accessions in the
field in Qingdao, Shandong province. The tolerant varieties
were validated in the second year. The consistent varieties are
primarily recommended for use in the genetic improvement of
winter pea to cold stress.Origins in bold indicate winter pea growing regions. Accessions
with no origin records were included in the Unknown group.
Genotypes surviving under natural conditions were considered to be
cold tolerant.
HR, highly resistant; MR, moderately resistant; S, susceptible.2. Materials and methods
2.1. Plant materials
A total of 3677 accessions of field pea were provided by the
National Crop Genebank of China, located in the Institute of
Crop Science, Chinese Academy of Agricultural Sciences,
Beijing. Most of them are landraces collected from 27
provinces of China. Five of them failed to germinate, so that
3672 accessions were evaluated for cold tolerance. Among the
2317 accessions originating in China, 906 and 1411 accessions
were of the winter and spring phenological groups, respec-
tively. A total of 402 accessions were introductions from
foreign countries. The remaining 953 accessions were includ-
ed in an “unknown” group owing to incomplete passport data
(Table 1).
2.2. Experimental design and trial management
The two-year experiment was performed in an field of the
research farm of Qingdao Academy of Agricultural Sciences,Qingdao, Shandong, China (36°09′8.05″ N, 120°25′15.77″ E, and
15 m above sea level) on October 20, 2009. The previous crop
was Chinese cabbage (Brassica pekinensis L.). Only the geno-
types surviving in the 2009–2010 growing season were
evaluated again in the same field in the 2010–2011 growing
season.
Field layout and agronomic practice were standard in both
years. No irrigation water was supplied because of sufficient
rainfall during the growing period in both years. Abamectin at
1.8% EC (5000×) was sprayed at seedling (April 18), initial
bloom (April 25), and full-bloom (May 1) stage to control pea
leaf miner (Phytomyza horticola Gourean). Weeds were re-
moved by hand.
The 3677 pea accessions were planted by hand in a
completely randomized design without replication. Each
379T H E C R O P J O U R N A L 4 ( 2 0 1 6 ) 3 7 7 – 3 8 3genotype was planted in a plot 1 m in length and 0.5 m in
width, containing a single row with 25 plants.
2.3. Temperatures during experiment
Neighboring the Yellow Sea, Qingdao has a four-season,
monsoon-influenced, temperate climate. January is the coldest
month in the year, with an average temperature of 0.9 °C. Daily
temperatures during the experiment (Fig. 1) were downloaded
from thewebsite of the QingdaoMeteorological Administration
(http://qdqx.qingdao.gov.cn/). Temperatures in the 2009/2010
and 2010/2011 winter were lower than those in normal years in
Qingdao. For example, the lowest temperatures were −13 °C on
January 12, 2010 and −10 °C on January 15–16, 2011, and 40 and
66 days showed temperatures lower than 0 °C in the 2009/2010
and 2010/2011 winters, respectively. These were ideal condi-
tions for differentiating winter-hardy from non-winter-hardy
accessions.
2.4. Indicators of cold tolerance
Seedlings of each genotype were counted 50 days after
planting for calculation of germination percentage. A second-15
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Fig. 1 – Daily temperatures in Qingdao, Shandong during the exp
season. Data source: Qingdao Meteorological Administration (httcount was performed on January 19, 2010 when the extreme
cold event ended.
Mortality %ð Þ ¼ 1– plant number at the second countð Þ
= plant number at the first countð Þ 100
Cold tolerance of genotypes was assessed visually at three
levels. In a highly resistant (HR) genotype the shoots and
leaflets remained green without damage and seeds could be
harvested; in a moderately resistant (MR) genotype, some
shoots and leaflets were killed, but the roots were alive and
generated new branches in spring, and seeds could be
harvested; in a susceptible (S) genotype, the shoots and roots
were completely killed with no seed harvest.3. Results
3.1. Germination percentage of seeds planted in the field
The distribution of germination percentage of the 3677
accessions is shown in Fig. 2. Great variation in germination
rate was observed, ranging from 0 to 100.0% with an average12
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Fig. 2 – Distribution of germination percentage in the 3677
accessions 50 days after planting.
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Fig. 4 – Mortality distribution among the 1278 accessions. Of
3672 accessions in the field, 2394 were completely killed by
the cold.
380 T H E C R O P J O U R N A L 4 ( 2 0 1 6 ) 3 7 7 – 3 8 3of 71.2%. Among the accessions, 3230 (87.84%) showed more
than 50% germination or seedling development, 442 (12.02%)
showed low germination percentage (<50%), and five (0.14%)
showed zero germination (Fig. 2). This result indicated that
the pea seeds preserved in the National Crop Genebank of
China were vigorous and suitable for the study.
3.2. Mortality calculated based on plant stand count after the
cold period
The cold weather in winter 2009/2010 resulted in partial plant
death in the field. The field scenes on December 10, 2009 and
January 19, 2010 differed markedly (Fig. 3). On January 19, 2010,
2394 accessions showed no surviving plants in the field and
mortalities were as high as 100%. In contrast, 28 accessions
showed zeromortality. The remaining 1250 accessions showed
mortality ranging from 2% to 96% (Fig. 4). The mean mortality
was 88.4%, implying that the cold stress was sufficiently strong
for selection.Fig. 3 – Overview of the experimental plots. A: Field scene o3.3. Scale of cold tolerance based on phenotype
Mortality showed a typical continuous distribution (Fig. 4),
leaving it difficult to define criteria for separating germplasm
groups. We suggest using quality traits for cold-tolerance
scoring, because there were two distinct kinds of surviving
plants: green, healthy and intact plants or plants surviving but
appearing yellow or brown. Accordingly, we defined these two
groups as highly resistant (HR) and moderately resistant (MR)
genotypes, respectively, and completely dead genotypes as
susceptible (S). Fig. 5 shows a representative plot in each
group. Given the presence of different kinds of plants within
many plots (genotypes), the presence of healthy green plants
on January 19, 2010 was the criterion for assigning the
accession as HR. In some extreme cases, when 60% of the
plants in the plot were dead but the remaining 40%were green
and intact, the accessions were still placed in the HR group.
As a result, the 3672 accessions were assigned to three
classes, with 214, 835, and 2623 accessions assigned to the HR,n December 10, 2009; B: field scene on January 19, 2010.
Fig. 5 – Scoring cold tolerance of pea by phenotype after cold stress in the filed (January 19, 2010). A: susceptible phenotype,
showing death of all seedlings after cold stress; B: moderately resistant phenotype, showing recovery growth of seedlings after
cold stress; C: highly resistant phenotype, showing seedlings with normal growth.
381T H E C R O P J O U R N A L 4 ( 2 0 1 6 ) 3 7 7 – 3 8 3MR, and S classes, respectively. There was high variation in
mortality percentage within each class: in the HR class,
mortality ranged from 0 to 60% and in the MR class, 0 to nearly
100%. In the S class, 100% of the plants appeared dead on
January 19, 2010. However, one to several plants did not die
completely and shoots grew from underground upon warming.
Thus, 434 of the 2623 (16.5%) S accessions produced one to
seven plants later in the season.
3.4. Cold-resistance scores and phenological groups of the
accessions
Table 1 presents a summary of the evaluation results, the
numbers of accessions in each of the cold-tolerance classes,
and information for the regions where the accessions were
collected, Assuming that the accessions collected from the
winter growing zone are in the winter phenological group and
those from the spring growing zone are in the spring
phenological group, it is apparent that the frequency (11.3%,
102/906) of HR accessions in the winter group is higher than
that (3.1%, 44/1411) in the spring group. The same trend is
seen for the frequency of MR accessions (35.1% in the winter
and 17.4% in the spring group). The frequency of S accessions
(79.5%, 1122/1411) in the spring group is much higher than
that (53.6%, 486/906) in the winter group. In addition to the
winter and spring groups, there were 953 accessions of
unknown origin and 402 accessions that were acquired from
foreign countries. The phenological groups of these acces-
sions could not be determined. The percentages of HR, MR,
and S accessions in this unknown group were approximately
7.0%, 25.9%, and 67.1%, respectively.
3.5. Validation of cold-tolerant accessions
In winter 2009/2010, 214 and 835 accessions were identified as
respectively HR and MR to cold stress. These genotypes were
planted in a replicated field test in the 2010/2011 winter. The
214 HR accessions segregated as 66 (~30.8%) HR, 125 (~58.4%)
MR, and 23 (~10.8%) S and the 835 MR accessions segregated
as 188 (~22.5%) HR, 410 (~49.1%) MR, and 237(~28.4%) S. Most
accessions showed similar resistance categories across years,
indicating that the evaluation method used is effective for
mass selection of pea.4. Discussion
4.1. Cold tolerance of cool-season pulses
Pea is among the most important cool-season pulse crops,
which also include chickpea (Cicer arietinum L.), lentil (Lens
culinarisMedikus) and faba bean (Vicia faba L.), that have a wide
geographical distribution. When these crops are planted in the
autumn, they face several environmental challenges including
low-temperature stress. Classified into chilling (0–15 °C) and
freezing (<0 °C) stresses, low-temperature stress is a major
environmental factor limiting the growth, productivity, and
geographical distribution of crops [6] and has been extensively
studied. Methods have been reported for cold-stress screening
in many crops [7–9]. There are numerous publications describ-
ing the cold tolerance of chickpea [10,11], faba bean [12–16], and
lentil [17–21]. A quantitative method was developed to assess
the freezing resistance of faba bean using artificial freezing
stress with limited numbers of plants [22]. Inci and Toker [15]
evaluated 114 faba bean accessions for cold tolerance on a scale
of 1 to 5 at seedling stage and identified promising lines to be
grown in a target production area. Physiological,morphological,
physio-biochemical and proteome changes during short-term
cold stress were characterized in chickpea [10,23].
Pea genetic resources have been extensively evaluated for
cold tolerance in the field and by laboratorymethods [24] aswell
as by the emerging automated, integrative high-throughput
phenotyping approach [25]. In the United States., 14 lines of P.
sativum and four lines of P. sativum var. arvense were identified
by Auld et al. [26] as showing good winter survival at Moscow,
Idaho. In Europe, as summarized by Cousin [27], most pea
cultivars are very susceptible to cold and theperformance of the
pea crop is considerably affected by cold. Only a few French and
Austrian lines from wild Pisum species or forage winter pea,
probably derived from P. arvense, are cold-resistant. Resistance
to cold in peas is a quantitatively inherited trait, and it is
possible to conduct recurrent selection using crosses between
wild accessions and winter or spring cultivated types [28]. More
recently, French scientists have reported the identification of
two clusters of quantitative trait loci (QTL) on linkage group (LG)
III and one cluster on LG VI for frost tolerance in winter pea
using a recombinant inbred line (RIL) population derived from a
382 T H E C R O P J O U R N A L 4 ( 2 0 1 6 ) 3 7 7 – 3 8 3cross between a French spring garden pea cultivar, Caméor, and
a newly identified source of frost resistance originating inChina
[29].
4.2. A simplified cold-tolerance scoring method for germplasm
evaluation
Different cold tolerance scoringmethodsare useddepending on
experimental goals. Auld [26] used only survival percentage in
the field for identifying cold-tolerant cultivars and germplasm,
and Klein used a scale of 0 to 5 (with 0 for no damage, 5 for dead
plants, and 1–4 for various degrees of frost damage) in rating the
cold tolerance in a segregating RIL population for QTL detection
[29].Weused a scoringmethod for evaluating the cold tolerance
of our pea germplasm. The method not only discriminated
cold-tolerant and cold-sensitive genotypes, but also discrimi-
nated superior cold-tolerant (HR, surviving without damage or
injury) frommoderately cold-tolerant genotypes (MR, surviving
with damage or injury). The scoring results for the accessions
were in partial concordance with the phenological group
information.
The pea is considered to be a strictly self-pollinated
(cleistogamous) species and each pea accession is expected to
consist of genetically uniform plants, forming a pure line [27].
However, we observed segregation in a small proportion of the
accessions under evaluation. For cold tolerance, there were
plants in someaccessions that could be assigned to twoor three
phenotypic classes. In addition, a few accessions segregated for
morphological traits such as seed coat color or flower color.
These segregating accessions must contain individuals with
different genotypes. This intra-accession heterozygosity could
result from 1) collection of these accessions as a mixture of
genotypes, 2) admixture of seeds from different accessions by
human error during regeneration, or 3) occasional intercrosses
between accessions mediated by natural pollinators such as
leafcutter bees, which visit pea flowers. Considering this
observation, we discourage the use of survival percentage as a
measure of cold tolerance of an accession, given that it may
underestimate the cold tolerance of accessions with mixed
genotypes.
4.3. The significance of the presence of cold-tolerant accessions
from the spring pea production region
Improving pea cold tolerance has been a breeding objective for
many pea production regions. Plant breeders have always
searched for cold-tolerant germplasm in historical winter pea
production regions. Our result confirmed the appropriateness
of this approach, with germplasm collected from the winter
production region consisting of a higher percentage of HR
accessions. It is interesting that we identified 44 HR accessions
collected from the spring pea production region. It seems
possible that these accessions were transferred from other
regions by growers or breeders. It is also possible that these
genotypes reflect natural variation that has occurred in
populations. Further investigation is needed to identify the
genetic basis of cold tolerance of accessions from different
production regions, usingmoderngenomics tools. Recombining
genes from different accessions to enhance cold tolerance is
possible if these accessions have different genetic bases.5. Conclusions
With increasing consumer demand in China, pea planting
tends to be shifting northward, leading to frequent cold stress
in pea production. We have identified a large number of
Chinese pea accessions with a high level of cold tolerance that
are of potential use in pea improvement. Incorporation of
genes for cold tolerance into pea cultivars would help expand
the winter pea production area and increase productivity. It
would also help stabilize crop yield by mitigating the loss
caused by seasonal or episodic freezing in the established
historical production regions. Research in developing and
applying genetic and molecular genomics tools is needed to
expedite the process of genetic improvement of the pea crop.Acknowledgments
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